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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 
TECHNICAL MEMORANDUM NO. 653 
URBULEN.CE AjJD iECHIS.. OP RESISTANCE
ON SPBERES A1W CYLIDERS' 
3 Fr. Ahlborn - 
A. Turbulence in Pipes, around- Oostacles, and- - 
tnroign Screens 
Turbulence is generally expressed- as a haphazard-, ir-
regular maze of eddying motions whose .snpe, direction, 
and. intensity re variable and indefinite. Now, it is 
gierallyconôed.' that , al..flow.s of water and. air-are 
t'iroiilent, with tne exception of Poiseuille's lminary or 
parallel flow in pipes	 But even tis oecomes tirbilent
as soon as a cert'un critical velocity, dependent upon t'ie 
test conditions, has been reacied.	 Our photogrpniç et.Ll-
ods nave uad.e the turbulence now accessile to visu1 ob-
servce	 The t'?rbulence in pipes coisists of 'riular
vortices w'ose rotation in tne xi s of tne pipes is toward 
the exit. The vortices lie .irregularly in normal or ob-
lique transverse plaies and can bo connected- to one anotli-
erby branching., In the eccentric cyclic motions the axes 
of rotation: are near .he wUs. which are shrouded. by a 
fine, ôonsistently iaminar..b'oundary layer . The rows.of 
the vortices aie ii sections, are wholly e.nvelop0y. con-
jointed ciiculations: and- form gyromas, compound eddies- of 
different. degrees whéren -they can rotate around- each 
other. . .	 . .	 .	 -.	 .	 . 
Tne turbulence of flow around obstacles ind, in aol-
èral, the dyiauic turbulence of free flow.s set up by con-
tact wit1 solid-br fluid boundaries, evinces, the-same es-
senial characteritics. This, o .f course, does not •in' 
clude the t'hemãl.. turbulence, 'tie turbulenc .of thermal 
convectio,x, which i., of 'differen.t type and out-side, the 
scope of this. DaDer. 
* II murJulenz und. iL'echanisnlus des 7iderstan,e's : 	 Kugeln 
und Zylind-ern.	 Zeitschrift fuir Technische'Physik, Vol. 
12, io. 10, 1931, pp. 482-491.
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The turbulence. of straighteners in wind tunnels is 
of particular interest. The wind artificially produced 
by a fan contains strong, irregular vorticities which, 
when passing threu-gh.the strai , ghteners, are -largely re-
moved, leaving behind. the metal screen a much finer, reg-
ular, evenly distr.ibute& screen turbxlence. 
The structure of such .turbu1enco may be seen in Fig-
ure 1. It is the flow through a scren of p arallel metal 
strips 10 cm wide set .2 cm apart. Whereas the camera is 
stationary, the .screen mo.v.e.s, traversing during the 1/5 
aecond. time of exposure the distance shown by a light re-
flection as a fine white. line next...to .
 the rear ends of the 
plates. The flanks of the plates are covered. by a chain 
of fine vortices which at 6-10 cm back of the plate con-
yerge into larger.
 vortices under violent motions an&' are 
similar.
 in shape and position to "Xarman's vortex street.' 
Soma distance away from. the screen the rows break. up, the 
vortices of the individual streets diverge • and make room 
for the.. .advanc:ing suction flow, which soon joins up with 
the adjacent streets in a..labyrinthi.ne maze of. partial 
flows. The form of this transition is illustrated in Pig-
ure.2.. The inflow denotes .
 the loss in velocity which an 
originally parallel streamline flow incurs in each point 
by passing through the field. One of those turbulent rel-
ative movements is, given in Figure 3.	 •..	 .. 
•	 ., To visualize the effect of a plate screen on a tur.'ou-
lent flow we utilized the coarse turbulence of a wide-
meshed bar screen as shown in Figure 4. This screen was 
mounted some 'ddstance ahead of the.pl.ate screen and. both 
,ioved through the quiescent fluid. The. stationary camera 
recorded the picture.
	 (Pig. .5.) The vortices vrisible at 
the upper margin of the photograph' are split up when pass'-
ing through the plate screen and partially destroyed,,. 
while at the same time interrupting the fine, uniform for-
mation of the .vor.t.ex streets and leaving a maze of vorti-
ces and vortex groups behind which are enclosed by joint.. 
circulation; .the motions are predominantly forward,. ut 
also in any other.direction with fluid. almost at rest in 
betweei. Even. such a narrow plate screen is unable to 
change a turbulent into a uniform parallel flow; it merely 
refines the turbulence, the vortices, turning partly to 
the right and partly to the left, approximately equal in 
size tie spacing of tne screen olates, but otnerwise are 
iregular ir every respect.
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'The turbulence' cann 'ot'be : equalized excet by viacos-
ity 'and will therefore 'per sist for SOe ' time aftex pass-
ing 'thrugh' the croen so' 1oig's' thividth of the :sc.reeh 
is as large as that for our models. 
'The straightener s in 'ihd. tunnels usu'ai'1'y':consit of 
quaIe cells o' 10 cm inc 'strip. 	 Consequeii:tl.y., the vor-

tices set ip'on the walls iiside of the cells gyrate part-
l y around'vertical, and partly about horizoit'el :axes which 
are cyclically connected to each other. Th.e double lay-
ers of the opposingly directed vortices impress the same 
cell-likó' str'ucture on 'the ai stream as ;the. 'straightener, 
and. the 'r'b '±tal fluid column's of the vortices investing 
each cell pace in close sequence, form a kind of 'skeleton 
in the stream which offers 	 certain: resistance against 
deformation by outside foi 'ces.	 ' 
3. Turbulence and. Resistance on Spheres 
According to a s-tatexent of G. .Biffel '.t:he translato-
ry velocities measured by. Pitot t'ubes :.in the cross sec-
tion of the wind. tunnel evince an aveage variation of 
around 0.5"to 1.1 per cent, whereas it:hout. straightener, 
the resistance cannot be 'measured at all, because •of the 
turbulence. As a result it was to be assumed that the 
turbulence, left in the streth, .wou1d have no 'marked bear-
ing on the resistaice. 	
'	 '	 '	 ' 
But subsequent measurements on spheres carried. out at 
Gottin'gen' and. Paris disclosed. the surprising fact that un-
cler certain conditions even a very inferior turbulence can 
red.uce,the resistance considerably, in d.irect'contrast to 
what would be expected, from many other experiences. 
Professor L. Prandtl* has published a very comprehen-
sive' paper on thi's subject, from which we quote: 
•	 Accordin to the well-known resistance formula 
= k P ' v2 the coefficient k for spheres was defined. 
in Gttingen at k = 0.22 against Biffel's 0,088. A 
sfose quent check in Paris revealed that k = 0.22 occurs 
at'low velocities and then drops in a transition zone at 
increasing velocity to 'this small figure. Eiffel also 
emphasize.d. th'at. both figures •for k	 ertain to different 
*L. Prantl, 'The Resistance of Spheres. Gttinger Nach-
richten 1914, p. 177.
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forms of flow. Tne discrepanc in the test data was e-
plained..by •the ' differenco in velocity, which in the Got-
tinen tunnel was from 4 to 8 rn/s against Eiffel's 30 rn/s. 
: 't1,tu10h1 installed a jet between straightener. 
and. test station whic.h raised the velocity to'23 rn/s and 
made the .flow . very unifoim and nonvortical. Now a re p e-
titionof the.'tests likewise disclosed 'the marked drop in 
k butat. aecided.ly
 higher velocities àii values of Rey-
nold.s Nuiubers, 
According to.the eynolds law 'of. similitude for flu-
ids,of constant vl:ime, the 'low on geometrically similar 
bodies is also geometrically and dynamically similar if 
they occur at equal values of R.* Thus the resistance 
measurements on spheres didnot agree with the law of di-
mensions and made the extrapolation of the wind tunnel 
data aear questionable. 
Now Reynolds himself postulates that in pipes the 
transition from laminar to turbulent flow attitude does 
set in at a predetermined figure, R 2000', but at a much 
lower figure if the flow already contained p reviously e-
i.sting vortices. From this one may assume that the di-
vergence of the resistance of spheres from the law is 
traceable to some effect of turbulence. 
In the Eiffel tunnel the flow had' to be turbulent be-
cause the test station was directly behind the 1 straight-
enor. .So the previously uniform flow in the Gottingen 
tunnel. was also made, turbulent by means' of a screen made 
from 1. mm binding twine in.to a 5cm mesh screen which wps 
iounte.d close in front of the sphere. The result was a 
drop of more than half the resistance. in the erstwhile 
transition zone and a drop in k at practically the same 
values of Reynolds Numbers as ii,Eiffel's tests 
This ' proved experimentally that the cause of the re-
duced resistance lay in the turbulence set up by the 
straightener, which was lowered considerably when install-
ing the nozzle and raised again by the screen rnade of 
binding twine. 
*Tile R numbersresu.1t from R =	 where v = flow 
velocity, d. = dimension of object and i = hinematic vis-
cosity	 p.	 viscosity,	 P = fluid density.	 '
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The significance of the'meGhic'i relationship be-
twen turbulene and. resi•stancé inow'ame into the fore.-
ground. The smoke photographs revealed for the large and 
small value of k the forms reproduced in Figures 6 A 
and. 6 3. For high resistance', .cas X,' the turbulent body: 
behind the sphere with its waveri•ng front edge c extend-
ed about' 5_80. f.Qrwar, d 'beyond the equator, whereas in case. 
B, the' se ra,ting..1ne was 10-25° to the rea.. The 
intimat bond '&f. the, flow around the sphere and the d.Imi-
'iution of trie e.dying body bound up with it, is therefore 
an 'effect of the. flow turbulence; 'lth'ough this itself 
was not isernible in,the:. :smokeo' Conse quently,, the est 
failed to disclose the manner in whiehth'e turbulence sets 
up t)e profound. upheaval in the entire flow pattern. 
Prandtl attempted. to solve this'pio'blem by theoreti-
cal considerations. The sudden change in'the flow and in 
the resistance of the sphere occurs at Reynolds Number 
R	 = I0,'000. The Reno1ds Number ' denotes the ratio' 
of •the inertia to the frictional forces of the fluid. 
Now it seems startling that a r'everal of. the flow induced. 
by the reciprocal effect of friction and inertia does not 
set in until. 'at such a high number of, this ratio, partic-
ularly since the friction appears to play. an altogether 
subordnate role. On the other hand, this ratio is'valid. 
for the free fluid only ', not for the thin boundary layer 
in which the velocity of the free flow drops to zero on 
the surface of the body. Frictioi and inertia are here 
of the' same' ordex of magnitude and H one is justified to a 
cartain extent in 'assu.ming that the starting';ooint of the 
i3udden resistance change is to be expected here.° 
This assumption established the connection with the 
boundary layer theory. But ' how could. the screen t,urbu-
lei'ce of the flow react o'n the boundary layer? Pr.obabl'y: 
to the extent of making the otherwise laminar boundary 
layer turbulent also. If this was the case then the turL 
buleuce of the boundary layer was the real cause of the 
lower resistance an'd of the reversal of the total.floW, 
and. this effec.t was bound to oCCul' also whenever the 
boundary layers 'became turbulent for any other reason. 
Toproduce turbulence a wire ring .1 mm thick ias 
mounted 15? in front 'ofthe equator o a 28 cmpiere. 
According to calculation the bounary layer is 1mm thick 
and it was assumed to havo'bride turbule,nt by..the vor-
tices set up on the'' ri'ng
	
he esii1t of the measurement
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confirmed tie epectation
	 The ring reduced. the resist-
ance from 0.24 to 0.058 and 0.09 for the entire velocity' 
range. 
Prandt'l. calls this interesting experiment an "exi)er 
imentum cruci.s,, which allegedly proves •that the scre1'. 
turbulence of the flow, 'quite like the wire riig,
	 Je 
the boundary layeis turbulent, and thus loweis the' recist-' 
ance. He . alóo opines that the low resistance of sléndr" 
bodies in general, such as:airships, were:due to turbu 
lent boundai'y].ayers, whereas the high resistances of wide 
bodies such as of the transverse plate, were'.due to lam-
mary, boina'ry :1eYs.	 '	 '	 ' •'' 
C. Critical Constderations 
Resistance measurements, infortunately, yield nothi'n 
as to t'h mechanism of the resistaice; h'ence it' is not 
surprising. 'when the pertinent analogical deductions and 
heuristic assumptions' do 'not stand' up under c.oser exami-
nation, par'ti'cul'arly as regards the last method.by means 
of which Prandtl believes to be able to'explain the reve 
sal of the resistance law on spheres and, in general, the 
low resistance coefficients on other bodies by turbulence 
in the boundary layer. 
According to Reynolds, the laminar flow through pipes 
is connected with the low resistance in proportion to v, 
the turbulent flow *ith the high resistance, in proportion 
to v 2 ; so by analogy, the low resistance on the sphere, 
after the reversal, would have to be traceable, if not to 
laminar, at least to materially'reduced turbulence. And 
this, in fact, agrees with Prandtl's flow for low resit-
ances which presents a decidedly diminished vortex field 
back of the sphere. ' But'the analogy is not in'keeping 
with the assumption that the low resistance is due to in-, 
creased friction,, and turbulence by virtue of the tur'ou-
lence in the boundary layer. It would exDlain an increase 
but not a decrease in' the resistance, 
Besides, the boundary layer is, by nature and con-
cept, always 'laminar and nonvortical. Consequently, the, 
term 'turbulent boundary layer' s
 is formally °contraclictio 
in djecto, U
 and"is vidently meant to allude to' that tur-
bulent layer wiih accomp anies the boundary layer 'in the 
ambit of negative pressure in all flows around solid bod-
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ies withOut- altering their laminary-inotion. But these 
vortices are in nowise restricted to critical R, but 
rather occur at the very instant of incipient motion on 
the sides of the body, from where they quickly detach and 
soon settle in the space at tiie rear vacated by the flow 
where they form the.large eddying body of the gyroma. 
The very surprising result of the Iexperimentum cruciSU 
was that the interference ring did reduce the resistance. 
It also i tO be assumed that the värtices back of the 
ring had some . bearing on it by locally augmenting- the nor-
mal vortex formation and circulation, but it does not 
prove that now the whole reversal is a result of the "tur-
buleilt boundary layer," because the ring consigns posi-
tive forces into the fluid from its front end also, which 
alter the entire pressure and.f-low system of the spheres; 
and. the rer:aining laminary boundary layer hereby is of 
secondary significance. As matters stand, it is impossi-
ble to maintain the hypothesis of turbulent boundary lay-
ers as suitable basis for explaining the strange resist-
ance phenomena. For that reason, we shall investigate 
what mechanism changes the flow of the high resistances 
into the form coordinated. to the small coefficients: 
1) On PraiIdtl '.s wire ring, 
2) 3yscreen turbulence, and. 
3) III nonvortical flow. 
D, Mechanism of Reversal.: 	 . 
1. On wire rihg 
The flow on spheres can be repre-sented by stereo-
scopic photography under water, but in order to maintain 
the clearness of the field, coarser sightcorpuscles must 
be used. so .hat the very fineness of the motion cannot 
alway be brought out as distinctly as on the surface of 
the water. For that. reason I used immersed circular cy-l-
inders instead of spheres, assuming that on the same pro-
file, if not the same, at least similar phenomena would. 
occur. 
Back in 1918 I had made various experiments on a cyl-
inder on -whose side lines I had placed two 1 un thich 
wires 15° ahead of the diameter called equátoi. The prb-
file corresponded with a meiid.ian cut of the Prañd.tl 
sphere with wire ring in effective pdsition. The expri-
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ments. termi 'nat.ed' negatively, 'the 'wire revealed no e'sson-
til .chaige 'in fl"; that is',' it 'ad'e'd. like the wire ring 
on"th'e équatth" of: the 'sphere.'' i'.'O	 about the rea 'soi of 
the difference follows elsewhere. 
At 'the suggestion of Profeso 0. 'Ki'ell, Berlin, I I 
re'nt'l' re'sumed. the experiments on c ,linders of 9 cm 
d.i'ame:ter, '• In place' o'f the wires we ec ' èssed small strips 
of '0.8 mm zinc 'in radial' position into''the surface of the 
cyliiider, so that they protruded about 2 mn •	 (See fig. 7.) 
In normái flow around' th'e' cylinder without' strips 
(fig, 7) the' visibie'forward. boundary of"the gyroma ex-
tended 20-25° beyond the' eu'ator, 'or l5-2° farther than 
on the sphere. At the same point lies, according to Eis-
ner l stests* f'or relocitieof'from 'v = 40 to 60 czn/s, 
the pressure minimum of roughly -1.35 of the dynamic pres-
sure in the forward flow separatiOn' point. Even the zero 
presur'e, the' forward boundary of the negative pressure, 
is at 58°' on the cylinder', or 15° farther ahead than on 
the' sphere.'	 '	 '	 '	 ' 
This 0 difference explains why my experiments with 
strips 15 'ahead' of the equator were just as ineffective 
as the wire ring at 00 on the sphere. 
But if the strips are mounted at about 22.5° of the 
width in the forward acu-te angle of' the gyroma where they 
push the strong retrograde motion on the cylinder wall 
and together with the side flows toward the outside, the 
flow picture (fig. 8) manifests in contrast with Figure 7 
a decided widening out of the gyroma whose maximum width 
has shifted to the rear. These are signs of increased 
negative pressure' on the rear end of the cylinder and. 
thus of the' resistance. 
Figure 9 shows a different aspect. 'Here the strips 
are shoved forward from without the ambit bf the gyroma 
to' 45° width. The flow hugs the cylinder wall to far be-
hind the equator, and the inward pushing side flows con-
tract the gyroraa which in roments of fluctuation can al-
mostlead. to complete displacement. 
*F Eisner; ' Resistance, Measureents around Cylincers. 
Mittilungon d.. Versuchsanstait f.. Wasserbauu. Schiffbau, 
No. 4, Berlin, 1929.
	 , ,
	
::.'	 .	 '
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To bring out the ef•fect olt'he' 'strips more 'forcèf'i.U-
ly., 'I increased them to 7mm'.' 'Now, it' will be seen (fig. 
10) how they catch and dam uptne flow on the front'and' 
spill it at much higher velocity over the edges.. The 
strong. ur'vature at which the st'emlin'esnow poceed.to 
the. ear' 'suggests that' the strongest centrifugal fórccs 
of the ivhol periphery o' the' cylinder exist at this point 
behind the strips and. 'that', ther8fore, the negative pres-
sure in the axis of the adjacentvortex and on the wall 
must also pass" througb"a minimum. From the slo p e 'Of the' 
side' flows tward the median line and'the contraction of 
the gyroma, we hon. can infer as to the drop . in ,nCàtivo. 
pross.iro on tho rear end., and reduced resistance. 
Shifting the strips to 67.5° width on the forward pole, 
still manifests a marked diminution of thë'gyrbrna. 
• A remarkable verification and extenion of the pre'-. 
ent results is found. in the ressure measuremezits on a' 
sphere, conducted. by Professor 0. Krell* in the tunnel of 
the Berlin Technical 'Institute, and óf'which'Fure 11 s 
one example. These measurements were maci.e at 'wind, veloc-
ities ranging from v = 6 to 52.5 rn/s. The dashed'cure 
is the presure distribution over.	 80 mm smooth sphere,
the full line • the pressure over thésame sphere but with 
2 mm ring'mouinted. at'43°, similar' to Prandtl's wire ring. 
• The smooth sphere'shows a dynamic or positivepressure 
over the foiwar'd 'calotte which d.rops'iaterally depending 
upon the proportion of the radial ordinates, and oversteps 
the zero limit at 450	 The whole other surface is under' 
neative pressure or suction. The asycaery of the curve 
illustrates the pron:ôunced. variations 'of the pressue 
which go'ha'ndin hand. with those of 'the flow. 
The effect of the riig is stónishing. Where else-
where the pressure approaches zero, in front of the ring 
is a pressu'e rise which even exceeds half the dynamic 
pressure in the forward pole. Directly behind. is the s'd-
den drop to negative pressure of like amount. This abso-
lute minimum experiences between 50 and 600 from the po1c 
a replenishing up to one-half t one-third its 'amount more-
*0.. Krell: Pressure Distribution around Spheres.	 eit-
schrift fIr Flugtechnik und. Liotorluf.tschiffahr:t, Munchen',. 
1931, p. 97.	 •	 .
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ly. to.rop to a: second equatorial minimum. ••At the back 
o.f thesphere the ring has lowered the suction from one-
i'ourth.to one-half of that on the. smooth'sphere. 
P 'rof.ssor Krell explains, the drop of the suction 
curve at around 600 from the pole and the further rela-
tionship between pressure and, flow as follows: "The air 
!tream sp ills, over tie interfo'ence ring as over a 
strikes the sphere at a tangent of about 60°, rebounds 
and shoots. on with 0 its k.netic 'energy to. form a new scic-
tion maximum at 90 . Under 'the action of'this suction 
the flow is pulled toward the surface of.the sphere and. 
hems in the dead water spatially as well,as in suction 
effect, thus reducing the air resi stance of the sphere." 
The relations between ress'1re,distribution:and 'ro' 
sistance are particularly illuminating. Krell points 
out, how ,the ,ffect of t:i ring 'resulted in' 'forward die-
placement of the center of gravity of the noativo 'pros-: 
sure field and how the p r. essuro minima back of the -rin 
produ'ced.an extraordinary increase over the front hemi-
sphere ond a decrease over the rear. Now the .resi stance 
is the vector sum of the,
 components of the pressure force's 
in the direction of the progressing motion. The sucton. 
forces over,, the rear half act positi r e in the sense bf the 
resistance, as",the dynamic forcos 'over the front half; 
they are in forward direction over the side area of the 
front half, hence reduce the resistance. Tio remarkable 
result of the' integration was 'that the forward directed 
suction forces were much greater than the, total resistance 
of the rear half.	 '	 ' 
Professor ICrell concludes his report with th'e dri-
vation of the, 'flow reversal from the pressure variations 
on the ring as shown in the smoke pictures of Prandtl and 
in a number-of my own streamline hotographs,. 
2. Effect of screen 'turbulence on 
-	 the flow around'a .
 cyl.nder 
The rimay -object, now is to ascert,ain whether and. 
to what extent the theory of the turbulent boundary layer 
ho1s' true in the other case, where the reversal on D.lain,. 
smooth .spiroros'or cylinders is caused. by the tur'lenco'' 
of tho strai' htonor or any other screen and shiftod. to, 
slower volocitie and Roynolds Numbers.
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The screen turbulence prevalent in a flow cannot 
change the laniiiàry •tructu-e of the bound.ry layer, but 
if it has any effect on the. n:oral vortex formation it 
results in either an enlargement r a. diminution of. the 
vortices, depending on whether the effect emanates from 
turbulence vortices .
 hàviigthe: same or inver:se sense: of 
rotation as the vortices onHhe body.
	 . 
To check the beh .aiior. , we made .a series of to st in 
which •a 1 cm wide bar was mounte.d 2 cm ahead of tie cen-
ter of the cylinder. The small bar manifests two rows of 
vortices, rolling to the right and left over the surface 
of the cylinder and having the. same sense of rottioi as 
the normal vortices engendered here. 
...:The result of these tests was negat:ive..
	
The ,instan-
tàneous photographs of both series showe& wholly similar 
flows nd irregularities in streamlines a variations in 
the gyroma formation, and filed. to reveal any. tendency 
toward increase or decrease in th.e normal vortices on the 
cylinder. The theoretical as'sumtion that the action of 
the screen turbulence is toward vorticity and. greater 
friction of the boundary l'ayeris, therefore, not substan-
tiated by the1se tests.	 . .	 ••... . 
However, the objection.might be raised that a differ-
ent resultwas hardly to be .exp.ected because in.:he wind 
tunnel measuements the reversal of the flow, throigh 
screen turbulence, did. not occur . until at much higher ve-
locities thaiiused in the photdgraphic experiments. 
As a matter. of fact; at these velocities even a com-
plete screen of parallel metal plates (straightel3er) or 
binding string failed to bring on the reversal of flow on 
the cylinder. On the other hand, the wind tunnel measure-
ments likewise revealed that the reversal is speeded up 
as the screen turbulence becomes more intense. Conse-
quently, it was legitimate to assume that the same result 
would occur even at slow photographic velocities when em-
ploying the bar screen instead of the plate screen with 
its much infe±ior turbulence. 
Such a bar screen consisted of thin pieces of wood, 
1 cm wide, and. spaced 1 cm apart. It was twice as wide 
as thecylinder and Was mounted 2cm distant, so that in 
one test.sèries a bar, in the other a gap, forces the 
center of the cylinder. The turbulence vortices next to
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the surface of the cylinder had., in the first &stI series, 
the same sense of rotation as the vortice on the cylin-
der in the second series, the opposite sense. 
The result was clear and. definite. A.1 phtographs 
exhibited. the complete reversal. 	 (Pigs. land 13.) The

lateral flows envelop the cylinder in an unsettled manner 
far beyond the equator and strikingly contract the area 
of the gyromas which never exceed the widh. of the cylin-
dor. Their shape is fairly tap ered., their length varies 
and at times is not greater than the diaiaetor of the cyl--
ind.cr. In one case the space of the yroma was filled up 
by a one-sided transverse flow leaving óly traces of- sta-
tionary vortices. The experiments prove that on the cyl-
inder as on the sphere, the position. of, the critical Rey-
nolds Numbor and tho flow iàbisal depend upon the degree 
of screen turbulence contained. within. 'th flow and. that, 
given sufficiently stron'g t'ibulence, the form of flow 
conjugated to the small resistance coefficients exists 
from the beginning even at very small velociti,es. 
'It follows hérefrom, that t was no fault of the ve-
locities when the reversal failed to materialize either 
with one or two bars. The turbulence vortices pssing 
over the surface of thc cylinder were of the same ..yDc 
and intensity as in the test series with comtolete b,r 	 -
screen. If they wore contingent upon the "turbulence of 
boundary layer," the latter would. have had. to become tur 
büle.n.t in all these cases in the same way, and. reversal 
would havo had to occur aft of the separto 'bats as well. 
The reversal here is not attributable to greater friction 
through-vorticity in the boundary layer, as Prandtl postu-
lates, but to a direct action of the turbulence of the 
comp lete screen enveloping tho whole field. of the inertia 
forces. 
n illuminating insight into the finer structure of 
the flow and the correlations of this mechanism is afford-
ed 'by the fields (of force) (of the stationary camera), 
They illustrate tho motions set up in the uiescont fluid 
by tho conveyance of the solid, body. 
The normal field of force of a cylinder in parallel 
unlimited flow agrees in its front half fairly closely 
with tho kfloWfl absolute stroamlinos of the theory. The 
lines radiate divergently forward and in well-shaped, uni-
farm curves tun sid,owise and rearward..
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In the field of . the' bar:'. 'een (fig. 2) the row of 
cihito rectangles denotes the path traversed, by the screen 
bars during the exposure" (1/5 secön'd.)'i The maze-like 
turbulent flow with its rami'fibations is directed: toward 
the rear of the bars and"embraces the engendered. vortex 
streets, which become more'and more distorted and' 	 dis-
cernable the more -they participate in the forward mOtion. 
As previously stated,.this motion denotes the velocity 
losses which the corres,pnding streamline motion (fig: 3) 
sustains because of the friction and. vortex formation on 
the cylinder.	 . 
Pield of force of cylinder in the ambit of the screen 
(fig. 14): In the combined. field. the total flow ' appears 
as a circulatory motion emanating from. the face of t-ie 
screen, escaping :to 'the sides •and rear, then with branchez 
between, the vortices advancing inward, gradually passing 
into •the inflow which ext ends as far as the screen' bars 
and. attaining their full velocity in them. 
Ti.th this circulation around tho• screen, the lines 
of force'discharging from the cylinder e'e so interwoven 
that the regular shapes of the absolute streamlines are 
no longer recognizable.' Because of the proximity of the 
screen, they 'diverge, sharply to the side 'qu.te close to 
their source, ad.vanäe in bunch'c&'±n' the'd.ioction of the 
vortex street end. intothe spacOs back' 'th'f the individual 
bars, and pass. in thi :way "thto 'the geeral cyclic flow. * 
The displacement of'tho fluid ii front of the cylinder is 
thoref oro'," essentially' different ' from the normal flow, by 
predominantly outward directed transverse forces without 
contemporary acceleration to the roar; and similar inward 
directed forces act on the filling of the space back of 
the cylinder. 
The effect of the field of force on the fluid iiasses 
passing through it, is portrayed. in the streamline photo-
graphs. The repellent transverse f'orces. set u a barked 
sinking in the water level extending far forward., and of 
the p ressure on the sides of the cylinder, whereas the 
bunched lines of force pushing in from the sides increase 
the pressure behind the cylinder and. in that way keep the 
*Likewise, in cases where the cylinder is mounted far be-
hind. a plate screen (straightener), the bunched. forward. 
deflection of the 'lines of force - instead Qf rearward. - 
and their advance in the direction of the v6rtex street, 
has a very peiiliar aspect.
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vortet . formati'àn. :of the grrorna within moderate limits. 
The".éffect . of a bar screen described here differs 
fó& that 'of': a st±ài'hténer or a' binding twine screen' on-
ly'. ti .ta:tively . 'alth'ough, 'according tO the resistance 
m'easürémOnts', screens of this type can produce the' same 
effect wh'énthèir tubulncê'reaches thesarne intensity. 
as on the bar screen b.r su'ficient increase in flow' veloc-
ity. 
3. Reversal of Resistance Law in Nonvortical Plow 
'Accodingly 'it might appear as'if the eversal.o 
the' resistance law observed in the jnd'tanne1s was not 
generally attributable to the effect of the screen turbu-
lenàe of the universally used straightenér',' and could not 
therefore, occur ma nonvortical flow. 	 ut this surmise 
is erroneous. Captain G. osanzi* measured the resist-
ance of spheres by moving them through the calm water of 
a large test 'channel. On one' sphere of 100' mm diamôter 
the resistance curve revealed the transition from 'ahigh-
er 'to a' iowe'coefficient at a mean s p eed of 3' m/s, which 
is cquivalent"to a wind velocity of 'v 	 42 rn/s and a 
cnitical 'Reynolds Number which appear s:to. accod' with the 
G. ottingen'rn'easu'rernents, without wi.re : ring' an• thread 
screen. This prov:e's the occurrence of reversal in a. homo-
'geneou flOw even without screen turbulence : , 'and the re-
lease with turbulence 'Or ring at low' velocities and Rey-
nolds Numbers. Now 'that Prandtl"s theory l's untenable, 
the' questIon as to. the real, always effective : cause of 
te reversal remains an unsolved riddle, which has not 
been touched in the preceding investigations. In connec-
tion with the resistance measurements it was. noted at the 
range of the critical and. supercritical Reynolds Numbers - 
the small resistance coefficieit 's - that the spheres 
were exposed to very violent' lateral pressure variations. 
The manometric pes sure read'i-ngs yielded the strongly 
forward enlarged negative pressure lobes alternating on' 
both sides'. In consequence thereof, the circulations 
must have been impressed by very strong, oCcillatory 
fluctuations.	 '	 ' 
• Now, flows •o'f this kind, can be observed. at moderate 
speeds on , thi,n cylinder's in water. .Theii' development is 
*G. 'Costanz'i.: Experiments in Hydrodynamics. Rendiconti del 
stabilimento aeronautiche del genio,, Rome, 1912, p . 149.
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as follows: "Diisregarding the first stages of tii.e incip-
ient motio the flow is always symmetrical. This.'is seen 
in the uneven'.t'ruc'ture andsi'ze of the two haivs'of the 
gyroma. After the escape of the first vortex doublet, 
the'othe '*ak. eddies follow obliquely in suecessio, be-
cause the contraction occurs always •on the greater '1l'f'.:' 
of the gyroma. Apart of this half remaiiis temporarily 
on the rear end of 'the c'ylinder' and forms the nucleii of 
the suceèdin	 ortex, But'sincethe number • of 'the .vor 
tices'i'ncreaes with the velocity, the.separations..'occ'tir' 
mor'èrapid1y"uitil at last •one side of the gyroma.is' flit-
e& off from the cylinder, whereas the other side'.s'p'rea'ds 
out ovei the rear end of the cylinder and at the	 iue time 
advances on the sidó surface. In the meantime the 'vortex 
formation is almost completely suppiessed on the opcsite 
side, the stagnation p oint has perceptibly shifte&.toward 
this bide, more and more fluid continues to.spi'llover 
the side of the cylinder on which the vortex. forrnti.on.is  
strongest and the negative pressure therefore lowest, 
while higher pressure momentarily suppresses or"ieStricts 
th vortex formation on the opposite side. 
A' fully developed . fiovi'is shown in Figure 15.: It iC 
the field of force of â'cylinder f'E2mm diameter"mor.ing 
at ' V = 974 'cth/s through aIm water',, copied from thel 
photograph of a test seriee'made at AdJer'shof, but foi'"a 
different purPose. Oi account of the.' C-uperposed. 'transla-
tion there is a ' zigzag flow (instead Of vortex . rows)''.which 
is the bond here of the motion pushing forward between the 
vortices. As to the vortex formation, we note only a vor-
tex adhering to trio cylinder on tne left side. 
in the"field. of'force this vortex appears' far ad-
vanced in development' and consisting'of'.numérous small 
ve±'ticës'c'oiled up In the developed vortex, On the right 
side the vortex formation is temporarily interrupted. 
There the 'lined of ' force swinging' in fro'm the frontraeet 
the stronger lines'from the 'o pposite side nci".together 
fOrm on'the side'of the' cylinder an thterference and' a' 
pres'sure which is opposite to the lowest negative pressure 
on the vortex , source oi the left side.	 . 
"h'e developed vortices of the two'row,s. stand united 
'on'thó outside' br flow bridged and' on,th'e:.'iisid'ê."evince' 
common forward' zigzag flow. 	 .	 .......	 '	 . :. 
The speed v t'ogethe'r with: t'h	 pàcing of he flo7
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bridges, and the scale of the picture reveal that 11. dou-
blets er second have been produced o the cylinder, and 
that is also the number of prezsure vi'brations 
The water temperature in t'ie test ¶tas 17.5°C, ti.e 
esti.rnatedkinematic viscosity 'v = 0.011,	 so.fó'r v	 100 
cm and d = 2.2 cm the Rejnolds Number was P = 	 = 
2200. At v= 0.14 viscosity' of th ;ir the same Ray-
ndl'	 Number, is obtai-ned in th éxparimètt in.air by 14T 
fóI. velo'dity v'	 14 m/s, 'or, inather' words, 'the same. 
flow prevails in"he same cylinder, .cco.rding to the' law 
o'similitudó, but with the''differ'e'ce..'that..-he vortex 
seauence nd the number of pressure v.brations, propor-
t'ioñally 'to 'the 'e1ocity have increased, from 11. 'to ii x: 
14 ± 154 per second. The	 ê'iié vibrations on cyl'in&ors 
of different d'iathete ae thei easily determined for the 
s.me Reynolds Number. 
-Unf or tunátely, the 'Adler shof' ;test program contains 
only à.f&w photographs for.'.v = 1.50 ru/s, which d'o,not show 
essential differences against v	 100 dm/	 in 'the flow. 
I am, therefore, unable to give any more details on the 
flow at •d.iffèrOnt Reynolds Nnnb'ors nor on the'	 velopment 
of "the hOnômena from the initially ymme•tricai form 'of. 
f1ow" NeIther am I in a pos.i'tioi to repeat. an..êxteid. the 
exp'imOñtswhch might 'reveal'aprefera'olo basirs fo.r' 
chki±i'thO si'niilitude law, with my: limited test equ.p; 
•	 .	 I:'	 :-	 .	 .	 .-
There can'•bé no doubt"that this particular 'orm,o 
flow is in fact a problem of upe±ritical'at'titude of-mo-
tion because it is only through it that the strong later-
al pressure vibrations which are assigned; to this atti-
tude and to the- small resistance' coefficientscan occur., 
	
But then , the crltiôal quetioñ arises.	 To:what cause 
is the transition of the symmetrical- flow ad,pressure.' 
distribution into' its'zymmetrica1,' o'scillatory -form to be 
attributed?	 .	 .	 ' 
The answer to this is: The arrangement' of the- vor-
tices in the double row behind the cylinder corresponds 
to that of a vortex streéttt which, acc.ordifrg: to iarman! 
expeririients, is stable when the ratio 'of the'distance of 
both rows to the distance of two vortides of one row = 
0.283. This is plainly the case here. :20 stable arrane-
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nent: first devei'o.ps. under the vo ,rtices left in the dead 
space.b the:cylinder, then advances with increasing ve-
locity towar& the cylinder and. ..fi.i.:al:l:y predominates the. 
whole field..envploping the cy,lixder,:: 
Consequently, the cause of the. reversal .1.ie.a in th& 
fact' that the fairly 'symmetrical circulation an vortex. 
formation. on the cyl.indr becomes unstable at the critical 
velocities and changes into the stable but asymmetrical 
fOrm of:flow of -the vortex s•trqet. The: one-sided vortex 
..formtion, still remaining, makes the marked decrease 
in resistance forthwit:hcornprehqns:i.bl3o 
Any turbulenoe,'..pabicularlY of screens :.and straight-
eners, as well as the, strips on the cylinder in our tests 
or the wirô ring on t.he . sphere, endangor. s.tho •coitivance 
of the.initially symmetrical 1ow, makes it unstable nd 
thus permits the transition . into the stablo, asyramerical 
form even at slower velocities than in homogeneous flow. 
Inasmuch as the stability of tho .vrtices 5s formed 
in the dead space behInd the cyiiider,. it plain],y is 
founded on the equilibrium of pure . 'orces of inertia which 
arc bound 'up with. the'. orbital motion of tho vortices and 
thud proportional to u2 :r, where u = peripheral veloc-
ity' and r = radius f vortex." Then since u is proDor-
tionl to velocity v of the flow and r is proportion-
al to 'diàie'te ' ; d. of the cylinder, theso.for.cesori c yl-
inders of different diameters must have the same ratio of 
v2 :d, if similitude is to prevail. That is, in other 
wods, the Froude law of similitude. .,Tie 1egitimay of 
this conclusion awaits' experimental proof, which I am, un-
fortuat'1y,.' not in posit.on to supply. On the othOr" 
hand, experience teaches that the regular arrangement of 
tho vortex street on thin cylinders or narrow bodies oc-
cars at very much slower' velocities than on wide bodios, 
whereas the opposite should be expected acording to the 
Reynolds law. But this, evidently, cannot prev.nt the 
fact that the full reversal of. the flow and of the re-
sistance nevertheless follows the latter law. 
The oscillatory vorte fo.rma'&on on the sheie in 
uniform flow is difficilt to isoalize oter t'-i that t!le 
p oint of origIn rotates t6 right anc1. leftaroiind the 
sphere nd the produced. èndtes vortex, wound"tiht13T' in 
a spira, i.sleft..behind the sheie iko a single-thre4 
screw. In longitudinal section then appears the well
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known picture of the.vortex street. In this fictitious 
system the. r.eolution speed..of.the spiral. a. arg .e . ,R in. 
the ir *ould. become so great. and. the. erio.dS of. the' lat-
eral:
 ressure variations so short as to fail t .o shOw up 
in manome.tric pressure. readings and hardly discernible 
alongside the mean values, . Besides,'it ws issimed in 
this consideration. that the sphere remained perfectly sta-
tionary in the'flo .w: and. that the holders. necé. ssay to ac-
•bomo1ish t'his, do.no.t disturb the flow. 
These conditions ar,e,.unhappily.,.. never encountered 
in a real flow.:. 'And so ft leads in the not perfectly uni-
form flow to the vi,olfent, irregular pressure variations, 
which Prand.tl attributes to the tongue-shaped motions of 
'the separtion'1ine, or to •Krell t s sudden reversal of the 
pressure extremes. i.n'.hi.s mèarètents. Here the strongest 
pressure differences remained steady above and. below, then 
suddenly' and in wholly irregular periods, reversed their 
positions. In this arrangement the flow at times Was in 
equiIib±ium,. sometimes for such a protracted. period. that 
"the wait for the reversal had to be given up for lack of 
time." In my opinion the cause lies.wlth the inevitable 
variations in the air stream, which was not exactly sym-
metrical and had a 4,50 upward slope, even when the sphere 
was set at the same angle. Besides, . the 6 m pipe throu;h 
the center of the sphere used as manometer lead may have 
helped to bring on the phenomena. The irregular varia-
tions in: flow and pressure on the s phere must, obviously1 
prevail upon . "the form and. set-up of the vortices inthe 
dead. water.	 . 
As on circular cylinder and sphere, so also on 
ies with elliptic profiles, the augmented vortex forma-
tion can approach at. critical velocities the f'o:rward. lim-
it of the negative pressure field and thus 'alter the en-
tire pressure distribution and resistance coefficient. 
On bodies such as airships or plates in lo .ngit'idinal poi-
tion the vortices always begin to forrn.in front at the 
zero limit of the pressure. But tho.resistance of ai 
ships as of vessels, is materially affectedby the bodi 
shape, which 'also defines. the form of the o :t al field 
of force. Lines of force discharging forward ' and return-
ing rearward on a ship set up the bow and stern wave. The 
stern wve balanes the resi stance of . the dynamic :eres-
sure to the extent' of increasing the forward d.irected 
pressure. on the stern, and this effect is so much smaller 
as the stern wave is farther behind the ship. The speeft
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of such ships can be increased by lengthening the hull, 
The high resistance on the transverse p late is not 
due to the laminar bounary layer, but rather to the 
fact that the lines of forco do not converge with the 
stern wave until aft of the gyroma, and the rear end, 
reached by the suction only, is d.eeDly imbedded in the 
negative pressure. But even on the sphro and on t:e cyl-
inder the transition of the resi stance to lower coeffi-
dents 5 closely bound up with the proximity of the ro-
turning lines of forco at the roar end. of the body, 
Summary 
The naturo of turbulent flow through pipes and. around. 
obstacles is analyzed. and illustrated by photop;raphs of 
turbulenco on screens and straightoners. It is shown that 
the reversal of flow and of the resistance law on spheres 
is not explainable by Prandt].'s turbulence ii tho boundary 
layer. The investigation of the analogous phenomena on 
the cylinder yields a reversal of the total field of flow 
The very pronouncod. changes in Dressure distribution con-
nected. with it were affirmed by manomotric measurements 
on spheres by Professor 0. Krell, The reversal in a homo-
geneous nonvortical flow is ;rought about, by the advance 
of the stable arrangement of Karmans dead air vortices 
toward the test object and. by the substitution of an al-
ternatingly one-sided or rotating but stable vortex for-
mation in place of the initially symmetrical formation. 
T1is also explains the marked. variations of the models, 
Translation by J. Vanier, 
1'Tational Advisory Committee 
for Aeronautics.
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Pig. 6 Flow round a sphere according to Prand.tl. 
A at large,B at small resistance coefficients. 
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Fig. 11 Pressure ciistributie'n on 
sphere with interference 
ring at v = 12 ni/sec. according to 
Krell. The dotted curve is the pres-. 
sure distribution on the smooth 
sphere without ring.
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Pigs. 8,9,10,12,13,14 
Fig.8 Circulation 
around a cylim-
der with strips 221/a 
radians ahead of 
equator.
Pig.9 Circulation 
around cyl-
ind,er with 3 n 
strips at 45° ahead 
of the equator.
Fig.lO Flow as in 
Fig.9,but 
with 7	 strips, 
the rroma is seen 
to extend. to the 
stripe. 
Ftg.12 Field of flow 
of cylinder be-. 
hind, bar screen,one bar 
in center. The 'roa 
is materially smaller 
(compare Fig.7.)
Pig.l3 Plow as in 
?ig.11 ,but 
with gap in front 
of center.
lig.14 Field. of force of 
a cylinder in the 
field. of a bar screen.
